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We employ reactive molecular-beam epitaxy to synthesize the metastable perovskite SrlrOs and 
utilize in situ angle-resolved photoemission to reveal its electronic structure as an exotic narrow- 
band semimetal. We discover remarkably narrow bands which originate from a confluence of strong 
spin-orbit interactions, dimensionality, and both in- and out-of-plane Ir06 octahedral rotations. 

The partial occupation of numerous bands with strongly mixed orbital characters signals the break¬ 
down of the single-band Mott picture that characterizes its insulating two-dimensional counterpart, 

Sr 2 lr 04 , illustrating the power of structure-property relations for manipulating the subtle balance 
between spin-orbit interactions and electron-electron interactions. 
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The combination of strong spin-orbit interactions 
(SOIs) with electron-electron correlations has recently 
been predicted to realize a variety of novel quantum 
states of matter, including topological Mott insula¬ 
tors mig, quantum spin Hall, quantum anomalous Hall, 
and axion insulators HE], Weyl semimetals [7], and even 
high temperature superconductors 0. Although typi¬ 
cally viewed to be disparate properties, the recent dis¬ 
covery that SOI can sufficiently enhance the effective role 
of electron correlations to stabilize a Mott-like insulating 
state in the quasi-two-dimensional 5 d transition metal 
oxide Sr2lr04 um has opened a new frontier for ex¬ 
ploring the rare interplay between these 2 degrees of free¬ 
dom. Its three-dimensional perovskite analogue, SrlrOs, 
has been theoretically proposed as a key building block 
for engineering topological phases at interfaces and in su¬ 
perlattices 0QHCE2. In bulk, SrlrOs is believed to lie in 
close proximity to a metal-insulator transition nans, 
yet little is known of its electronic structure to date. 

Here we reveal the momentum-resolved electronic 
structure of SrlrOs using a combination of reactive ox¬ 
ide molecular-beam epitaxy (MBE) and in situ angle- 
resolved photoemission spectroscopy (ARPES). Our 
measurements uncover an exotic semimetallic ground 
state, hosting an unusual coexistence of heavy holelike 
and light electronlike bands. Contrary to conventional 


expectations that increased coordination leads to broader 
bands in higher-dimensional materials m , we find that 
the bandwidths of SrlrOs are, instead, narrower than 
its insulating two-dimensional counterpart. By combin¬ 
ing first-principles calculations with spectroscopic mea¬ 
surements, we uncover the surprising interplay of spin- 
orbit interactions, dimensionality, and octahedral rota¬ 
tions which drives the narrow-band, semimetallic state 
in SrlrOs. Our results indicate that subtle changes 
in the structure and rotation angles should drive sub¬ 
stantial changes in the electronic structure and physi¬ 
cal properties of SrlrOs. This highlights the important 
structure-property relationships in correlated quantum 
materials Usuis], much like in ferroelectrics and multi- 
ferroics m- This Letter also underscores that simple toy 
models which neglect these structural degrees of freedom 
may fail to capture the essential underlying physics of 
the iridates. 

The perovskite SrlrOs is metastable in bulk nans]. 
SrlrOs and Sr2lr04 films were synthesized by MBE 
with an oxidant (distilled O3) background pressure of 
1 x 10 -6 Torr and at a substrate [(001) (LaA10s)o.3 
(SrAl 1/2 Ta 1/2 03)o.7 (LSAT)] temperature of 700°C [I]]. 
Following MBE growth, the samples were transferred 
through ultrahigh vacuum (9 x 10“ 11 Torr) into a high- 
resolution ARPES system with a VG Scienta R4000 
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FIG. 1: (a, b), E vs. k dispersions and isoenergy intensity maps of Srlr 03 and Sr 2 Ir 04 measured by ARPES at temperatures of 
20 and 70 K, respectively. The isoenergy intensity maps are unsymmetrized, while the E vs k data have been symmetrized about 
k x = 7r/a for purposes of illustration. The white solid lines denote a quarter of the pseudocubic and tetragonal projected 2D 
Brillouin zones (2DBZs) for Srlr 03 and Sr 2 Ir 04 , respectively, (c), (d) Corresponding energy distribution curves (EDCs) along 
the high-symmetry directions of the 2DBZ, revealing sharp quasiparticle peaks and extremely narrow bandwidths in Srlr 03 , 
compared to the broader bandwidths and wider spectral features in Sr 2 Ir 04 - (e), Longitudinal in-plane resistivity showing the 
metallic and insulating transport characteristics of SrlrOs and Sr 2 Ir 04 , respectively, (f), The Hall resistivity of SrlrOs exhibits 
a large temperature dependence, consistent with the complex multiband electronic structure revealed by ARPES. 


electron analyzer and a VUV5000 helium plasma dis¬ 
charge lamp. Measurements were performed using He la 
(his = 21.2 eV) photons with an energy resolution A E 
of 8 meV. Lab-based x-ray diffraction (XRD) measure¬ 
ments using Rigaku Smartlab confirmed the correct pseu¬ 
docubic perovskite and tetragonal structure with the out- 
of-plane lattice constants of 4.02(1) A and 12.90(1) A 
for SrlrOs and Sr 2 Ir 04 films, respectively. More de¬ 
tailed synchrotron-based XRD measurements performed 
at CHESS and selected area electron diffraction measure¬ 
ments show no relaxation of the SrlrOs film and it has the 
same Pnma space group and rotation pattern (a _ 6 + a _ , 
Glazer notation) as that in the bulk [19] with the b axis 
along the [100] (equivalently [010]) direction of the LSAT 
substrate (Supplemental Material Fig. S2 [20]). Longitu¬ 
dinal and Hall resistivity were measured with a standard 
four-point techniques in a Physical Property Measure¬ 
ment System (PPMS) from Quantum Design. We car¬ 
ried out density functional theory calculations within the 
local-density approximation (LDA) including SOI using 
OPENMx [21, 22], based on the linear-combination-of- 
pseudo-atomic-orbitals method [23]. For the calculations 
shown here, we have fixed the structure to the thin films 
measured. We find only relatively minor qualitative dif¬ 
ferences if we perform the calculations for the bulk struc¬ 
ture from Ref. 19 (Supplemental Material Fig. S4 [20]). 

Figure [l] compares the electronic structure of SrlrOs 
and Sr 2 Ir 04 epitaxial films. Insulating Sr 2 Ir 04 exhibits 


negligible spectral weight at the Fermi level (Ep), with a 
broad peak at (±7r, 0) [(0, ±7r)] of the surface projected 
tetragonal Brillouin zone marking the top of the valence 
band ^200 meV below Ep, consistent with earlier mea¬ 
surements on single crystals [9| 24] 25 . In contrast, we 
find multiple narrow bands within 200 meV of Ep in 
SrlrOs, with sharp quasiparticle peaks and a well defined 
Fermi surface comprising holelike pockets around (±7r, 0) 
[(0, ±7r)] and (0, 0) as well as elliptical electronlike pock¬ 
ets at (±7t/2, ±7t/2) in the surface projected pseudocu¬ 
bic Brillouin zone. This semimetallic electronic structure 
is consistent with our electrical transport measurements 
[Figs. Be) andjljf))]: The resistivity of SrlrOs samples 
exhibit metallic temperature behavior with no signs of 
weak localization, while Hall effect measurements show 
a strong temperature dependence, indicative of the pres¬ 
ence of multiple types of carriers. The absolute value of 
the Hall coefficient is much larger than in typical metals, 
indicating small carrier densities or carrier compensation 
of electrons and holes. In a single-band model, the mea¬ 
sured Hall coefficient at 10 K of Rp = —0.013 cm 3 /C 
corresponds to only 0.029 electrons per Ir atom, consis¬ 
tent with another recent report m- 

Supporting this, our ARPES measurements reveal that 
the electron- and holelike bands that comprise the Fermi 
surface of SrlrOs have very different effective masses. 
For example, around (±7r, 0) [(0, d=7r)], we find two 
closelyspaced holelike bands, labeled as aq and <a 2 in 
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Fig- § a), with heavy quasiparticle masses of approxi¬ 
mately 2.4 ± 0.5 and 6 =b 2 electron masses, respectively. 
By thermally populating states above Ep, we locate the 
top of the upper aq band at just 3 ± 2 meV above the 
Fermi level. In contrast, the electronlike bands around 
(±7r/2, ±7r/2), shown in Fig. are much lighter. 

They exhibit approximately linear, but anisotropic, dis¬ 
persions over an extended energy range of ~ 50 meV, with 
high Fermi velocities of 0.5 ±0.1 and 1.2 ±0.1 eVA along 
the major and minor axis of their elliptical Fermi pocket, 
respectively. Despite the high density of states that may 
be expected from the heavy hole bands at the Fermi level, 
the light quasiparticle masses of these electron bands al¬ 
low them to dominate the transport measurements, ex¬ 
plaining the negative sign of the measured Hall coefficient 
and the validity of using a single-band model. The steep 
linear dispersion of this electron band is suggestive of a 
possible Dirac cone in the bulk electronic structure, rem¬ 
iniscent of a symmetry-protected line node predicted by 
previous theoretical calculations m- 

As well as this electron band, density functional cal¬ 
culations reproduce the other measured ARPES disper¬ 
sions surprisingly well despite the absence of a Coulomb 
repulsion term U. At a fixed photon energy, ARPES 
measurements correspond to an almost two-dimensional 
projection of the three-dimensional k space, centered at 
a value of k z which depends on the photon energy and 
the inner potential [26j. For a wide range of inner poten¬ 
tials (8-14 eV) typically observed for perovskite transi¬ 
tion metal oxides [27H29] . the projected calculations show 
qualitative agreement with our ARPES measurements. 
We find the best agreement with theoretical calculations 
taking a value of 11 eV. This corresponds to a slice cen¬ 
tered at k z = ~ 0.5 7r/c, where c = 4.02 A is the pseu- 
docubic c-axis lattice constant of our film. Incorporating 
a finite k z broadening described by a Lorentzian func¬ 
tion with A k z ~ 0.3 7r/c due to the surface sensitivity 
of photoemission and an energy broadening through an 
imaginary self energy, £''( 0 ;) = 0.1 Finding, we simulate 
the Fermi surface spectrum from theoretical calculations 
[Fig- E c)]. We find multiple small pockets making up 
the Fermi surface. These are holelike around (0,0) and 
(±7r, 0) [(0, ±7 r)] and electronlike around (±7t/2, ±7t/2) of 
the surface Brillouin zone, in good agreement with mea¬ 
surements, although with some small quantitative differ¬ 
ences which could be due to electron correlations and 
other detailed factors. Detailed analysis indicates that 
the electronlike pockets around (±7t/2, ±7t/2) actually 
consist of four lobes, two of which exhibit only weak spec¬ 
tral weight (Supplemental Material Fig. S3 [20]5. If we 
neglect SOI, however, we find qualitative disagreement 
with experimental measurements (Fig. |2|d)). These cal¬ 
culations predict a hypothetical Fermi surface composed 
of large sheets which enclose a significant portion of the 
Brillouin zone, touching at the extrema of the electron 
and hole pockets. Clearly, the opening of large hybridiza- 
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FIG. 2: ARPES measurements of (a) two massive holelike 
bands at (0,7r), and (b) a light, almost linearly dispersive 
electron band at (—7r/2,7r/2) along the cuts shown by red 
lines in the insets. In (a), the spectrum was measured at 
a temperature of 40 K and divided by the Fermi function 
to thermally populate states slightly above Ef . Lorentzian 
peak fits to (a) EDCs and (b) momentum distribution curves 
(MDCs) are shown as the symbols, (c)-(d) Simulated Fermi 
surfaces from the LDA+SOI calculations, assuming an inner 
potential of 11 eV as discussed in the main text, reproduce the 
general features of the measured Fermi surfaces if spin-orbit 
interactions are included (c), but show substantial qualita¬ 
tive discrepancies if they are neglected (d). The dashed fines 
are guides to the eye, showing four-lobe shape pockets. More 
details in Supplemental Material Fig. S3. [20] . (e) Simulated 
ARPES spectrum from the LDA+SOI calculations show good 
qualitative agreement with experimental measurements (sym¬ 
bols). 


tion gaps around these band crossings by the strong SOI 
has a major influence on the electronic structure, frag¬ 
menting the Fermi surface, underscoring the importance 
of SOI in this compound. Our LDA+SOI calculations 
reproduce the narrow experimental bandwidths within a 
factor of 1-2 [Fig. j2je)], indicating that electron corre¬ 
lations, which typically further narrow the band width, 
play a relatively minor role in SrlrOs. 

Remarkably, the bandwidths of SrlrOs extracted ex¬ 
perimentally are extremely narrow, as shown in Fig. [3] 
They are on the order of only 0.3 eV estimated from 
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FIG. 3: Extracted band dispersions of Srlr 03 (blue) and 
Sr 2 Ir 04 (red) are determined by fitting both EDCs and MDCs 
in the raw data (circles) and estimated from peak positions 
in second derivative data (squares). The band dispersion of 
Sr 2 Ir 04 is rigidly shifted in energy by 0.17 eV to align the 
top of the valence band with the Fermi level in Srlr 03 for 
purposes of comparison. 


multiple bands within ~ 1 eV of the Fermi level, which 
are more typical of values found in 3d transition metal 
oxides such as cuprates or manganites that have much 
stronger electron-electron interactions [30] than 5 d tran¬ 
sition metal oxides. Surprisingly, they are even nar¬ 
rower than in the Mott-like insulating state of the single¬ 
layer compound, S^IrCU, where the bandwidths range 

from ~ 0.3-0.8 eV (Fig. [3| as shown in our ARPES 

measurements and earlier measurements on single crys¬ 
tals [9j [24j [25] • This is in striking contrast to the conven¬ 
tional pictures of increasing dimensionality, where elec¬ 
tronic bands are expected to broaden with increased co¬ 
ordination. 

We attribute this to a cooperative interaction of the 
SOI, dimensionality, and complex octahedral rotation 
patterns. Considering first a hypothetical cubic structure 
of SrlrOs [Fig. |4][a)] , we find broad bandwidths as ex¬ 
pected for a 5 d system. Consistent with the increased co¬ 
ordination, cubic SrlrOs exhibits larger bandwidths than 
Sr2lr04 without structural distortions (Fig. i^) p. 
Including octahedral rotations about the [001] direc¬ 
tion, experimentally observed in both compounds, the 
calculations show a backfolding of the electronic bands 
in the surface plane. The experimental structure of 
bulk SrlrOs [19] and our films (Supplemental Material 
Fig. S2 [20]). however, are also characterized by large ad¬ 
ditional out-of-plane octahedral rotations along the [110] 
pseudocubic direction. Combined with the significant 
k z dispersion of the electronic structure in this three- 
dimensional compound, these lead to additional band 
folding along k z , giving rise to a significantly larger num¬ 
ber of intersecting bands than are produced by [001] ro¬ 
tations alone. SOI opens small energy gaps at the new 
band crossings, substantially narrowing the bandwidths 





FIG. 4: (a), LDA+SOI band structure, projected onto a 

Jeff = (1/2, 3/2) basis, of SrlrOs for a perfect cubic struc¬ 
ture, revealing broad bandwidths. (b) Including [001] octahe¬ 
dral rotations backfolds the bands in plane, but leads to only 
relatively minor changes in the degree of orbital mixing, (c) 
Additionally including [110] rotations, however, causes sub¬ 
stantial further band folding along k z , leading to the inter¬ 
section of numerous bands of different orbital character. SOI 
opens hybridization gaps around the resulting band crossings, 
substantially narrowing the bandwidth, and leads to strong 
mixing of J e ff = (1/2, 3/2) states. The calculations are shown 
along the k paths (red) shown in inset, (d)-(f), Equivalent 
calculations of two-dimensional Sr 2 Ir 04 show moderate band 
narrowing due to [001] rotations and only small changes due 
to additional artificial [110] rotations. 


[Figs.Qb) and[4](e)]. In contrast, no such [110] rotations 
are found experimentally in Sr2lr04. Because of the lack 
of Ir-O-Ir bonds along the c axis in the 2D compound, 
however, we find that the bandwidths are not substan¬ 
tially affected even after artificially applying these [110] 
rotations [Fig. 0f)] m- Our calculations, therefore, re¬ 
veal how the combination of SOI, dimensionality, and 
both in- and, crucially, out-of-plane octahedral rotations 
lead to the array of narrow intersecting bands in SrlrOs 
as we observe experimentally. 

The orbital characters and orbital mixing of the t^g 
bands are also substantially affected by the interplay 
of dimensionality and complex octahedral rotations. In 
SrlrOs, the projected J e ff = 1/2 and 3/2 states reveal lit¬ 
tle mixing with [001] rotations [Fig.Qb)] but much more 
substantial mixing with the [110] rotations [Fig. |4|c)]. 
On the contrary, there is little mixing of J e g = 1/2, 3/2 
states in Sr2lr04 even with the artificial [110] rotations 
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[Fig- gf)]. This is because the backfolding along k z 
of the quasi-two-dimensional electronic structure cannot 
mix bands of different orbital character but, instead, just 
gives rise to a weak energy splitting between pairs of 
bands of the same orbital character. Together, the multi¬ 
band nature and extensive mixing of J e ff = 1/2 and 3/2 
orbitals suggest that the single band J e ^ = 1/2 limit that 
characterizes S^IrCU is no longer sufficient to describe 
SrlrOs. 

The observation of the semimetallic ground state in 
SrlrOs despite its ultranarrow bandwidths is striking, as 
the conventional Mott-Hubbard picture would anticipate 
a larger gap due to the narrower bandwidth m- Instead, 
the numerous partially occupied bands of mixed or¬ 
bital character likely place SrlrOs further away from the 
canonical Mott or Slater scenario typically invoked for a 
single, half-filled band, which may explain why SrlrOs re¬ 
mains metallic while Sr2lr04 is insulating. Nonetheless, 
a more rigorous theoretical treatment of electron-electron 
correlations, like dynamical mean field theory, may pro¬ 
vide in-depth understanding of this. 

Our spectroscopic studies have uncovered the elec¬ 
tronic structure of SrlrOs, revealing a semimetallic 
ground state with unusually narrow bandwidths. Our 
work demonstrates how the electronic structure and 
physical properties of correlated materials can be con¬ 
trolled by the subtle interplay between octahedral ro¬ 
tations, spin-orbit interactions, and dimensionality. In 
particular, simple theoretical models which neglect one 
or more of these parameters may be unable to capture 
the delicate competition between these parameters. In 
multiferroics or ferroelectrics, small structural changes 
or instabilities can give rise to substantial changes in the 
physical properties DU- Here, we clearly show that in 
the case of SrlrOs and other iridates, a similar situation 
can arise in correlated quantum materials. This demon¬ 
strates the essential role of structure-property relations 
in correlated systems and opens an effective route for 
tuning the spin-orbit coupled ground state of interacting 
electron systems by small structural manipulations, for 
instance, through epitaxial strain, chemical, or externally 
applied pressure. 
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